Hydrophobic forces can be used to control protein self-assembly into nanoscale structures. There is considerable interest in engineering synthetic proteins that harness the structural and functional potential of supramolecular assemblies^[@ref1]−[@ref5]^ for nanoscale engineering of biosensors, multistep catalysts, and smart stimulus-responsive materials. A detailed molecular-level understanding of the factors driving assembly is crucial to effectively engineer synthetic complexes. For example, knowing the rules for canonical Watson--Crick pairing of nucleotides has driven the exciting field of DNA origami, where synthetic oligonucleotides assemble into elaborate two- and three-dimensional forms.^[@ref6],[@ref7]^

Protein complex interfaces often incorporate clusters of hydrophobic amino acids, serving as sticky surfaces for adhesion.^[@ref8]−[@ref11]^ Surface hydrophobicity is tightly regulated in natural proteins,^[@ref12],[@ref13]^ and inappropriate presentation of residues on the surface can lead to aggregation and pathogenesis. In sickle cell anemia, a single hydrophilic to hydrophobic amino acid substitution on the surface of hemoglobin results in massive protein aggregates that distort red blood cells.^[@ref14]^ Hydrophobic stretches in protein sequences can contribute to amyloidogenesis.^[@ref15]−[@ref20]^

Hydrophobicity plays an important role in protein engineering, optimizing core interactions is a critical step in *de novo* design.^[@ref21]−[@ref26]^ Adjusting surface hydrophobicity can be used to enhance protein solubility.^[@ref26],[@ref27]^ The extensive use of hydrophobicity in self-assembling block copolypeptides,^[@ref28],[@ref29]^ peptide amphiphiles,^[@ref30]−[@ref33]^ small peptides,^[@ref34]−[@ref37]^ and foldamers^[@ref38],[@ref39]^ demonstrates the tremendous utility of this force in the broader field of nanostructural molecular engineering.

Limited structural information on multiprotein complexes makes it challenging to determine how interface size, geometry, charge, hydrophobicity, and other factors may contribute to the strength and specificity of interactions. As a complement to the study of natural proteins, synthetic peptides have the potential to be a powerful system for exploring hydrophobicity-driven assembly.

The triple-helix fold of collagen is an attractive molecular scaffold for studying protein--protein interactions and higher order assembly. Unlike nearly all other protein folds, which assemble around a hydrophobic core, the three strands of the triple-helix associate through a network of backbone--backbone interchain hydrogen bonds. As a result, hydrophobic groups on the surface are not expected to interfere with core folding, as seen in off-pathway intermediates of globular proteins.^[@ref40]−[@ref43]^ The collagen triple helix is formed by tandem repeats of X--Y--Gly triplets, where X and Y residues are solvent exposed and where glycine is critical for core assembly.^[@ref44]^ In natural collagens, hydrophobic residues at the X and Y positions are significantly under-represented relative to globular proteins (approximately 8% of residues in type I collagen, Table S1 ([Supporting Information](#notes-1){ref-type="notes"}), compared to 40% for myoglobin, a typical globular fold). Those that are present occur in periodic clusters every 231--237 residues, promoting assembly of triple-helices into higher order fibers with a characteristic 67 nm spacing.^[@ref45]−[@ref47]^ As with other proteins, hydrophobicity of collagen appears to be tightly regulated, playing an important role in the process of self-assembly.

###### Model Peptide Sequences

        sequence                  morphology
  ----- ------------------------- --------------
  H2    `(POG)3POGPOGLIG(POG)4`   disc
  H3    `(POG)3POGPIGLIG(POG)4`   disc
  H4    `(POG)3POGLIGLIG(POG)4`   disc
  QH4   `(POG)3QQGLIGLIG(POG)4`   disc
  H5    `(POG)3PIGLIGLIG(POG)4`   disc + fiber
  H6    `(POG)3LIGLIGLIG(POG)4`   fiber

Collagen mimetic peptides (CMP) have been used to study self-assembly with a number of molecular strategies ranging from electrostatic interactions to metal coordination.^[@ref30],[@ref48]−[@ref59]^ Despite their short length (∼20--40 amino acids), CMPs effectively recapitulate many features of their much larger (over 1000 amino acids long) natural counterparts. We specifically probe the effect hydrophobicity plays in collagen assembly by designing CMPs incorporating contiguous blocks of hydrophobic residues at nonglycine positions ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Self-assembly of CMPs into fibers or plates is observed, where subtle changes in the hydrophobic residue pattern lead to dramatic switches in nanoscale morphology.

Simulations of CMP Self-Assembly {#sec1.1}
================================

We expected that both the pattern and extent of hydrophobicity along the triple helix would be important parameters in directing self-assembly. Given 10 amino acid triplets (X--Y--Gly) per 30-residue peptide, there are nominally 2^10^ = 1024 possible combinations of hydrophobic and hydrophilic triplets. To rapidly identify those sequences capable of forming unique nanostructures, we implemented a coarse-grained model of self-assembly, simulating the process of diffusion-limited aggregation (DLA).^[@ref60],[@ref61]^ More sophisticated simulation approaches of hydrophobic peptide self-assembly have been developed that include internal degrees of freedom within and between polypeptide chains,^[@ref62],[@ref63]^ but we chose rigid body docking of rods as the CMPs studied here are within an order of magnitude shorter than the persistence length of collagen.^[@ref64]^ In DLA, higher-order structures emerge through the stepwise accretion of monomers onto a growing assembly (Figure S1B,C, [Supporting Information](#notes-1){ref-type="notes"}); this model assumes that monomer concentrations are sufficiently low that diffusion is the limiting factor in assembly kinetics. This method was attractive as it had been shown to replicate experimentally observed morphologies for systems of self-assembling peptides^[@ref65],[@ref66]^ and structural proteins elastin^[@ref67]^ and collagen.^[@ref68]^ Although we did not know *a priori* whether assembly of CMP peptides would proceed in a diffusion-limited or activated manner, such DLA-based simulations were able to explain experimentally observed features of assembled collagen fibers.^[@ref69],[@ref70]^

Results and Discussion {#sec2}
======================

We adapted a DLA simulation protocol from previous collagen studies.^[@ref68]^ The triple-helix was treated as a rigid rod composed of 10 spheres, with each sphere representing a hydrophobic (*h*) or polar (*p*) X--Y--Gly triplet positioned along the triple-helix surface. The source code used for these simulations is available in the [Supporting Information](#notes-1){ref-type="notes"}. From the 1024 pattern combinations, we chose to focus on *pppphhpppp*, where *p* ≡ Pro-Hyp-Gly (POG) and *h* ≡ Leu-Ile-Gly (LIG) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The choice of hydrophobic residues was based on the high independent frequencies of Leu and Ile at X and Y positions respectively of natural fibrillar collagens.^[@ref71]^ Leucine has also been shown to promote higher order assembly in other CMP designs.^[@ref59],[@ref72]^ Simulations predicted this pattern would form disclike structures ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).

![(A) Coarse-grained model of the H4 sequence. Each rod consists of 10 spheres, each sphere representing a triplet of amino acids. (B) DLA simulation trajectory of 1000 *pppphhpppp* rod-generated platelike structures. Discs pictured correspond to small assemblies approximately 50 nm in diameter. (C) Electron micrographs of H4.](nn-2014-05369d_0001){#fig1}

CMP H4 Assembles into Nanodiscs {#sec2.1}
-------------------------------

Transmission electron microscopy (TEM) images of H4 were consistent with the DLA prediction of a disclike morphology. Specifically, three features of the DLA models were observed by TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c): (1) H4 discs were frequently observed to extend end-on from the hydrophobic carbon coated copper EM grid, consistent with a hydrophobic disc edge adhering to the surface; (2) thickness of these discs was estimated to be ∼10 nm, equivalent to the length of one peptide, which would be expected if the peptides were assembling perpendicular to the plane of the disc; (3) rosette structures were observed in multiple preparations of H4, consistent with fractal dendritic DLA-type aggregation in two dimensions.^[@ref65]^ The lack of sharper, well-defined dendritic structures may have been due to fluidity of the disc phase, allowing internal rearrangements to minimize the surface energy of the aggregate. An alternate process for rosette formation would be the association of fully assembled discs, rather than accretion of monomers through DLA. We were not able to discriminate between these two mechanisms based on the existing observations.

![Transmission electron microscopy of H4 morphology. (A) This field shows numerous discs alone or overlapping adjacent disks. (B) Close-up of two H4 discs in field A curving as shown in the drawing. (C) Multiple curved discs and discs perpendicularly aligned to the electron beam. (D) Another field highlighting disc flexibility.](nn-2014-05369d_0002){#fig2}

Although rosettes were consistently found, the dominant H4 morphology was a rounded disc. H4 disc diameters ranged from 50 nm to 1 μm. In many cases, the plates appeared to be flexible, depositing on the grid in shapes resembling curved "potato chips" ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and Figure S3, [Supporting Information](#notes-1){ref-type="notes"}), indicating these structures lacked the crystallinity and rigidity found in other designed CMP plates.^[@ref48],[@ref49],[@ref73]^

Using circular dichroism (CD) spectroscopy, we confirmed that the H4 peptide assembled into a triple-helix with a cooperative unfolding transition at 33 °C ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). Observed *d*-spacings from wide-angle X-ray scattering (WAXS) of supersaturated H4 solutions further supported the presence of triple-helices in the aggregate phase. Bragg diffraction peaks at 11.7 and 12.7 Å ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C) were consistent with previous reports for the lateral packing of collagen triple-helices.^[@ref73],[@ref74]^

![H4 forms triple-helices. (A) CD spectrum shows positive MRE (mean residue ellipticity) band at 225 nm, consistent with triple-helical structure. (B) Thermal denaturation profile shows cooperative unfolding of H4 with a *T*~m~ of 33 °C. (C) WAXS of H4 shows interhelical *d*-spacing consistent with fiber packing observed in natural collagens.](nn-2014-05369d_0003){#fig3}

The thickness of H4 nanodiscs that deposited end-on ascertained by TEM matched the length of triple helix. This was confirmed by atomic force microscopy (AFM) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Analysis of many fields revealed height dimensions that occurred in multiples of 7--8 nm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C), close to the expected length of a CMP of 8.6 nm (30 residues × 0.286 nm rise/residue). Over multiple experiments, a wide range of heights from 6--500 nm were observed for H4 (Figure S5, [Supporting Information](#notes-1){ref-type="notes"}), all maintaining an overall disclike morphology, suggesting that significant stacking of discs could occur.

![AFM of H4 discs: (A) 3D representation of discs, (B) coloring of AFM field based on height, (C) histogram of H4 heights observed in (B).](nn-2014-05369d_0004){#fig4}

A reduction in sequence hydrophobicity was predicted to maintain a disclike morph due to limited registry interactions between triple-helices that would minimize surface exposed hydrophobic residues. Replacing one leucine in H4 with proline produced H3 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), which folded into a triple-helix, *T*~m~ of 41 °C (Figures S4 and S6, [Supporting Information](#notes-1){ref-type="notes"}), and self-assembled into plates (Figure S9A, [Supporting Information](#notes-1){ref-type="notes"}). Similarly, H2 formed a triple-helix with a Tm of 50 °C (Figures S4 and S6, [Supporting Information](#notes-1){ref-type="notes"}) and was shown by TEM to form plates similar to H4 (Figure S9B, [Supporting Information](#notes-1){ref-type="notes"}).

CMP H6 Forms Nanofibers {#sec2.2}
-----------------------

Increasing the hydrophobicity of a collagen sequence by adding an additional hydrophobic triplet (*ppphhhpppp*) was also predicted in DLA simulations to produce disclike structures with variable thickness due to staggered interactions between adjacent monomer rods (Figures S1C and S3, [Supporting Information](#notes-1){ref-type="notes"}). Surprisingly, the CMP equivalent of this pattern, H6, formed uniform fibers, strikingly different from the model. Fibers observed by TEM varied from ∼50 nm to several microns in length and 6--11 nm in width ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A and Figure S3C1, [Supporting Information](#notes-1){ref-type="notes"}). Occasional evidence of branching and punctate structures was observed, possibly indicating prefibril intermediates or small discs (Figure S3D, [Supporting Information](#notes-1){ref-type="notes"}). Upon heating and reannealing, H6 fibers formed straight, aligned clusters several microns in length ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B and Figure S3C2, [Supporting Information](#notes-1){ref-type="notes"}).

![Characterization of H6 (A) incubated at 4 °C (B) heated to 30 °C and annealed at 4 °C.](nn-2014-05369d_0005){#fig5}

One potential explanation for the unexpected fiber morphology was the misfolding or unfolding of H6 leading to different modes of aggregation. Although H6 clearly formed triple-helices as measured by CD, the peptides were marginally stable with a *T*~m~ ∼15 °C (Figures S4 and S6, [Supporting Information](#notes-1){ref-type="notes"}). On the basis of its physiochemical properties, the (LIG)~3~ hydrophobic domain of H6 has a high computed propensity to form amyloids,^[@ref75]^ and previous examples of cross-β structures formed by amyloidogenic regions within CMPs have been described.^[@ref17],[@ref76]^ However, H6 fibers did not bind Congo Red, a common amyloid probe^[@ref77]^ (Figure S7A, [Supporting Information](#notes-1){ref-type="notes"}), and no evidence of the twisted cross-β structure was noticed in TEM images. H6 fibers were morphologically similar to those formed by other CMPs where triple-helical structure was required for higher order assembly.^[@ref57]^ If adjacent rods packed at an angle, then the resulting fiber would be a super helix of CMPs where fiber thickness matches the length of a peptide (Figure S11A, [Supporting Information](#notes-1){ref-type="notes"}).^[@ref78]^ This type angular packing was not incorporated in the coarse-grained simulation, so this fiber morph would not be predicted.

Morphology Is Determined by Hydrophobicity {#sec2.3}
------------------------------------------

To determine whether the fiber morphology arises from the low structural stability of H6 or its increased hydrophobicity, we synthesized the peptide QH4 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) consisting of two hydrophobic triplets and one Gln-Gln-Gly. The polar amino acid glutamine is well tolerated at both the X and Y positions of the triple-helix, but does not confer the same stability as proline or hydroxyproline,^[@ref71]^ making it a suitable proxy for the low stability of H6 while maintaining the hydrophobicity of H4. QH4 folded into a triple-helix (Figure S4, [Supporting Information](#notes-1){ref-type="notes"}) and despite a 9 °C lower *T*~m~ than H4 (Figure S6, [Supporting Information](#notes-1){ref-type="notes"}), the peptides formed plates (Figure S8, [Supporting Information](#notes-1){ref-type="notes"}), thus supporting a model where length of hydrophobic region is the primary determinant of assembly morphology.

Polymorphic Behavior of H5 {#sec2.4}
--------------------------

The collective properties of existing CMPs pointed to a morphological bifurcation point related to hydrophobicity between H4 and H6. Below this point, the disc morph dominated, with only minor populations of fibers seen in H2, H3, and H4 TEM fields (Figures S2 and S9, [Supporting Information](#notes-1){ref-type="notes"}). Above this point, fibers were predominantly formed. To further pinpoint where this transition occurred, we examined H5 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). H5 folded into a triple-helix with the stability of 24 °C (Figures S4 and 6, [Supporting Information](#notes-1){ref-type="notes"}). Consistent with it sitting on a saddle point between two morphologies, H5 was observed by TEM to assemble into major populations of *both* fibers and plates ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A and Figure S10, [Supporting Information](#notes-1){ref-type="notes"}). Fiber widths and lengths were calculated to be 7.5--9.5 nm and several microns, respectively. H5 disc diameters were 50--200 nm. AFM confirmed the presence of fibers and plate morphs with fiber heights between 1 and 3 nm and plates with heights 6--11 nm ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). Similarly to H6, H5 did not bind Congo Red (Figure S7B, [Supporting Information](#notes-1){ref-type="notes"}).

![Characterization of H5 (A) TEM and (B) AFM where yellow signifies 1--3 nm height features and red signifies 6--11 nm height features.](nn-2014-05369d_0006){#fig6}

H4 Discs Sequester Hydrophobic Dyes {#sec2.5}
-----------------------------------

Self-assembling amphiphilic peptides and peptidomimetics can produce lipophilic domains capable of sequestering small molecules and acting as vehicles for drug delivery.^[@ref79]−[@ref81]^ The H4 nanodiscs are similarly able to bind solvatochromatic dyes such as Sypro Orange (SO), which has an enhanced quantum yield when bound to hydrophobic surfaces. Confocal microscope images of H4 + SO show effective nanodisc sequestration of the dye ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A). SO intensity increases when discs are heated above the *T*~m~ of H4 ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B), which is typically observed for globular proteins upon unfolding.^[@ref82]^ This suggests that denaturation of the H4 discs exposes greater hydrophobic surface area for SO binding.

![(A) Confocal fluorescence microscopy of SO-H4 solution. (B) Differential scanning fluorimetry of H4 with Sypro Orange (red) and circular dichroism thermal denaturation melt of H4 (black).](nn-2014-05369d_0007){#fig7}

Multicomponent Peptide Nanostars and Plates-on-Strings {#sec2.6}
------------------------------------------------------

Natural collagen proteins make use of hydrophobic interactions to bind other proteins such as integrin receptors.^[@ref83]^ Likewise, we would expect the hydrophobic CMPs to interact with other molecules that also present exposed hydrophobic surfaces. We explore two cases of multicomponent interactions, H4/H6 nanostars and H4/amyloid peptide tandem plate assemblies.

As postulated earlier, one possible structural model for the fiber morph is that of a helical tape^[@ref78]^ formed by CMP rods that pack at an angle. A model of what such a structure might look like ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A and Figure S11A, [Supporting Information](#notes-1){ref-type="notes"}) suggests a fiber with highly exposed hydrophobic ends. AFM of H6 reveals an undulating height profile varying from 1.5 to 6 nm, consistent with a helical tape (Figure S12, [Supporting Information](#notes-1){ref-type="notes"}). Assuming H4 discs have hydrophobic edges and H6 fibers have hydrophobic ends, combining the two would be expected to generate conjoined nanostar-like structures with fibers alighting from the edges of discs ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A and Figure S11B, [Supporting Information](#notes-1){ref-type="notes"}). Consistent with this, EM images of H6:H4 mixtures revealed fibers branching from discs ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B and Figure S11C, [Supporting Information](#notes-1){ref-type="notes"}). We note similar behavior in some H5 TEM fields where fibers are seen originating from the edges of discs.

![(A) Hydrophobic interactions between H6 fiber and H4 disc models suggest formation of nanostar structures when mixed. (B) TEM of a 2:1 ratio of H6:H4 peptides confirms fibers matching H6 morphology attached to the disc edges. (C) The NdQ peptide forms an extended hydrophobic amyloid fiber that should interact with the hydrophobic edges of H4 discs. (D) TEM of a 1:1 ratio of H4 discs mixed with amyloids fibers shows tandem discs aligned perpendicular to both the grid surface and the long axis of the amyloid fibril, consistent with the proposed interaction model.](nn-2014-05369d_0008){#fig8}

The observation that H6 fibers only interact at their ends suggests the packing geometry of the fiber shields the central hydrophobic residues. If an alternative type of fiber were to present a hydrophobic surface, then discs might be expected to attach along the fiber length rather than only at the ends ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}C). Using a short hydrophobic amyloidogenic peptide, NdQ, we were able to generate extended beta-helical structures that would presumably present hydrophobic side chains along the full length of the fiber (Figure S13, [Supporting Information](#notes-1){ref-type="notes"}). When these were combined with H4, multiple tandem discs attached perpendicularly to the fibers ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}D). In several instances, discs would bundle individual fibers together, aligning them over micron distances.

Conclusions {#sec3}
===========

Collagen is on the cusp of solubility, which is functionally advantageous given its role in higher order assembly processes in biology. Small changes in sequence hydrophobicity induce rapid assembly and large changes in morphology. This sequence-dependent sensitivity of CMP assembly has been observed many times before: increasing core POG repeat length of metal-ligated CMP assemblies results in shifts from meshes to florettes to saddle-like structures^[@ref53]^ and increasing the number of core bipyridines lead to the formation of fibers,^[@ref55]^ discs^[@ref54],[@ref56]^ and then to hollow spheres.^[@ref56]^ Electrostatically driven assembly of CMPs containing acidic and basic regions show similar sequence sensitive polymorphism, where arginine and glutamic acid formed D-periodic fibers,^[@ref50]^ whereas lysine and aspartic acid formed hydrogels.^[@ref51]^ This is a general property expected of self-assembling system where the sum of small forces in local molecular interactions exerts significant influence on the properties at the aggregate level.

Certain features of the H-series CMPs could serve as starting points for developing functional materials. Given the observation that single amino acid changes can drive dramatic variations in the self-assembly phenotype, it should be possible to design switchable peptides that interconvert between two nanoscale morphologies on the basis of environmental perturbations leading to potential biosensor or controlled-release applications. Additionally, the ability to control the structure at the scale of microns and above is important for engineering materials that interact with cells.^[@ref84],[@ref85]^ H4 and H6 CMPs form structures on this length scale and could be further developed to provide cell-scale interactions. The ability of these peptides to interact with other proteins suggests a modular design strategy where structure and function are separated into different molecules. A structural matrix scaffold that forms micron scale fibers such as the amyloids or natural collagens could be decorated with peptides that provide chemical or biological functionality.

In the early evolution of natural collagen, such a propensity for polymorphism might have been advantageous, allowing smaller molecules to rapidly explore and optimize the assembly of functionally useful nanoscale forms. In extant collagens which are generally much larger, hydrophobicity is tightly constrained, with only two triplets in type I collagen out of 300 having a tandem pair of hydrophobic amino acids at X and Y positions akin to the H2 peptide. Longer hydrophobic stretches such as those incorporated into H3--H6 are extremely rare, with H4-like LIGLIG sequences in types V and XI collagens. How such hydrophobic sites function in the context of natural collagen versus model peptides will be an interesting area of future study.

Higher resolution structural information will be critical in order to fully understand how hydrophobicity drives nanoscale morphology. A change in the packing angle between adjacent triple helices would explain the difference between the fiber and disc morphs. However, the relative amounts of these two species going from H2 to H6 could depend both on energetic and kinetic factors in assembly.

Even within the scope of simple *h*/*p* CMP designs, this work has only just scratched the surface of the sequence diversity available. In addition to length of the hydrophobic core, further designs incorporating different patterns of hydrophobic/hydrophilic residues can be designed to potentially produce a rich library of higher order structures. Further cycles of simulation, design, and experimental characterization will likely improve the accuracy of predictive tools and enhance our understanding of hydrophobic forces in protein self-assembly.

Materials and Methods {#sec4}
=====================

Diffusion Limited Aggregation (DLA) {#sec4.1}
-----------------------------------

The DLA simulations were conducted in a 3D hexagonal lattice (Figure S1A, [Supporting Information](#notes-1){ref-type="notes"}). The seed for each DLA simulation was a discretized rigid rod composed of 10 spheres. Each sphere represented an XYG triplet of amino acids and was either hydrophobic (*h*) or polar (*p*). A seed rod was placed at the center of the simulation, and additional rods were released and allowed to move randomly until either they contacted the aggregate or they moved too far away from the aggregate and were discarded (Figure S1A, [Supporting Information](#notes-1){ref-type="notes"}). Simulations of each of the 1024 possible sequence combinations were repeated 100 times to assess convergence of nanoscale morphs. A suitable interaction state was defined as greater than two hydrophobic groups in contact. Representative assembly structures were chosen for presentation. The peptide H4 was modeled after the DLA rod *pppphhpppp*. The peptide H6 was modeled after *ppphhhpppp*. JAVA source code for the simulations are in supplementary file collagenDLA.zip ([Supporting Information](#notes-1){ref-type="notes"}).

Peptide Synthesis and Purification {#sec4.2}
----------------------------------

Peptides were synthesized using solid-phase FMOC chemistry, purified by reversed-phase HPLC, and verified using mass spectrometry at the Tufts University Core Facility (<http://tucf.org>) (Figure S14--20, [Supporting Information](#notes-1){ref-type="notes"}). H6, H5, H4, and H3 were purified to \>95% purity by reversed-phase HPLC. Due to issues with synthesis, H2 purity was low, ∼ 80%. N- and C- termini were acetylated and amidated, respectively. Peptides were dialyzed in filtered deionized water, lyophilized and kept in −20 °C. Peptides were weighed and resuspended in 10 mM phosphate buffer, pH 7.4. Collagen peptide concentrations were confirmed by measuring the absorbance at 214 nm, using an extinction coefficient of 2200M^--1^ cm^--1^ per peptide bond on an AVIV model 14DS UV--vis spectrophotometer. Peptide NdQ, sequence NYFYSLFdQG (dQ = [d]{.smallcaps}-glutamine) was purified to \>95% and solvated in 50 mM Tris pH 8.0 buffer with 30 mM NaCl, 2.5% glycerol, and 10 mM DTT.

Circular Dichroism (CD) {#sec4.3}
-----------------------

CD experiments were performed on an Aviv model 400 spectrophotometer. Optically matched 1 mm path length quartz cuvettes (Model 110-OS, Hellman USA) were used. Peptide solutions were prepared and kept at 4 °C for a minimum of 48 h prior to measurement. Before measurement, peptide concentrations were diluted to 0.20 mM to reduce excess absorption at lower wavelengths. Wavelength scans were taken from 260 to 200 nm at 4 °C. Thermal denaturation melts were monitored at 225 nm with a temperature step of 0.3 °C and a 2 min equilibration period from 4--80 °C. Savitzky--Golay smoothing of the first derivative of the denaturation profiles was carried out over a span of 11 points using a third-order polynomial.^[@ref86]^ The melting temperature (*T*~m~) of each melt was assigned to the extrema of the first derivative of the denaturation profiles.

Congo Red Assay {#sec4.4}
---------------

A stock 5 μM Congo Red (CR) (C6767, Sigma-Aldrich) solution was prepared using deionized water. Concentration of CR was measured using the absorption value at 505 nm and the extinction coefficient of 59300 M^--1^ cm^--1^.^[@ref77]^ A volume of 12 μL of 3 mM peptide solution was mixed with 280 μL of stock CR solution. Wavelength measurements of peptide solutions with and without CR, CR alone, and buffer were taken from 400--600 nm.

Transmission Electron Microscope (TEM) {#sec4.5}
--------------------------------------

Collagen peptide samples were prepared at concentrations ranging from 2 to 10 mM and incubated at 4 °C for 2 weeks prior to imaging. NdQ was prepared at concentrations of 0.5 mM, and fibers were observed within 3 h. H6 and H4 samples were combined 1:1, 1:2, and 2:1 wt/wt ratios with a total weight of 3.6 mg and dissolved in pH 7.4 phosphate buffer. NdQ and H4 samples were combined at a 1:1 molar ratio. A volume of 5 μL of peptide solution was deposited on a copper grid coated with carbon (Electron Microscopy Sciences CF-400-Cu). After standing for two minutes to ensure deposition, excess buffer was wicked away using filter paper. The grid was then negatively stained with 1% phosphotungstic acid (PTA) pH 7.0 for 2 min, and excess stain was wicked away. Afterward, the grids were left to dry for at least 2 min in ambient conditions before imaging. Images were captured using a Philip 420 Electron Microscope at 80 kV.

Atomic Force Microscopy (AFM) {#sec4.6}
-----------------------------

For H4 and H6 solutions the method of Xu *et al.* was followed.^[@ref73]^ Briefly, silicon wafers were cleaned with a series of alcohols and subjected to sonication and incubation. The silicon wafers were then dried with nitrogen, placed on a glass slide with adhesive, and cooled before sample deposition. Excess sample was then removed using deionized water and dried for 20 min at room temperature. Three scans were taken for each measurement using an Agilent 5500 in tapping mode in air, with a Multi75a probe (Bruker MPP-21120-10).

H5 solutions were visualized using a MFP-3D-Bio AFM with a Nikon microscope (Asylum Research, Santa Barbara, CA). Measurements were made using contact mode in air with a SNL-10 probe (Bruker) on samples that were prepared on freshly cleaved mica. Samples were rinsed with deionized water and dried with argon prior to imaging. Data was analyzed using a combination of Gwyddion,^[@ref87]^ WSXM,^[@ref88]^ and MATLAB^[@ref89]^ software packages.

Wide-Angle X-ray Scattering (WAXS) {#sec4.7}
----------------------------------

Supersaturated solutions of H4 were prepared by placing peptide powder in a glass capillary (special glass 1 mm o.d..; Charles Supper Company, Natick, MA), and then solvent was added on top of the powder. The solvent was allowed to soak the powder for at least 2 weeks at 4 °C to ensure sufficient hydration.

The capillary was mounted in a Rigaku Geigerflex X-ray diffractometer with a sealed Cu target X-ray tube and Rigaku Osmic mirror focusing monochromator (Cu Kα; λ = 1.5418 Å). The nominal sample to detector distance was set at 2.2 cm. Data were collected by scanning along 2θ from 3° to 40° (step size 0.04°) with a 60 s count per step. The baseline of the data was subtracted using the software Jade Plus release 7.0.6 (Materials Data Inc., Livermore, CA).

Differential Scanning Fluorimetry (DSF) {#sec4.8}
---------------------------------------

The method of Niesen *et al.*([@ref82]) was closely followed. A stock 50× solution of Sypro Orange (SO) (Sigma-Aldrich S5692-50 μL lot no. MKBP8121 V) was freshly made. The stock solution of SO was diluted with either H4 disc solutions or phosphate buffer to 5×. Samples were monitored using the λ~ex~ 470 nm and λ~em~ 610 nm wavelengths, with 2 and 6 nm slit-widths, respectively. H4 samples with SO were corrected for SO fluorescence. Three measurements were taken for each temperature step (4--64 °C in 5 °C increments at the same rate as the CD experiments), and an average and standard deviation was computed. Standard deviations were used as error bars. Experiments were performed using a Fluoromax-4 spectrofluorimeter (Jobin Yvon Horiba) with micro quartz cells (Starna Cell, Inc., cat. no. 3-3.30-Q-3).

Confocal Fluorescence Microscopy {#sec4.9}
--------------------------------

H4 samples were prepared similarly to the DSF solutions. A 10--20 μL aliquot of the H4 solution was placed on microscope slides (Fisher cat. no. 12-544-7) and covered with glass coverslips (cat. no. 12-542-B, lot no. 101413-9). Slides were then incubated on ice for 20 min to ensure settling. The experiment was performed on a Leica TCS Sp8 G-STED microscope, and a red filter was used.

Supplemental figures, tables, and simulation source code are available in the supplement. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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